Stable isotopes are nonradioactive and can be safely administered to humans; yet, because of the isotopic difference, can be distinguished from the unlabeled moiety and thus trace the nutrient uptake and elimination. Stable isotope applications include measurement of nutrient absorption, determination of nutrient body stores, tracing routes of nutrient metabolism, measuring nutrient fluxes through specific pathways, and measuring nutrient elimination. The ability to assess the dynamics of nutrient metabolism in vivo has been vital in the study of nutrient requirements, nutrient metabolism, mechanisms of nutrient homeostasis, and nutrient toxicity. Stable isotopes provide a window into human metabolism that is particularly valuable to the quantitative study of human nutrition.
breath test
Nutrition differs in principle from many other sciences because of its essential quantitative nature. Research directed toward an understanding of cause and effect, biochemical mechanisms, and basic nutritional principles form the basis of nutritional science, the ultimate nutrition research question is how much of a nutrient is required to maintain health and optimize well-being in human nutrition. Unfortunately, humans generally do not make good subjects for quantitative research. We have a diet that is highly varied with respect to food items and meal patterns; and we do not like to participate in scientific studies that restrict our ability to self-select a diet, limits our daily schedule, or requires invasive sampling. Finally, responses to nutritional perturbations are often slow play out and difficult to measure.
A tool available to nutritionists that can improve the ability to accurately and precisely measure nutrient requirements is stable isotope tracer technology. Because stable isotopes do not present a radiation hazard, they can be safely utilized in human research as long as requirements for chemical purity are met [1] . The only stable isotope known to have any toxic isotope effects is deuterium and even this requires large doses that would comprise more than 15% of body pool [1] . Deuterium labeling, however, can alter the metabolism of the labeled compound if the isotopic label is inserted at a key reaction site, an issue that should be considered during the design of the study [2] .
The advantages and some of the limitations of stable isotope methods can be illustrated with a discussion of the doubly-labeled water method for the assessment of energy requirements [3, 4] . The doubly-labeled water method, which was developed by Lifson, is a stable isotope method for measuring total daily energy expenditure for a 4 to 20 day period [5] . A loading dose of water labeled with both deuterium and oxygen-18 is administered by mouth. The two tracers distribute in body water and the deuterium is eliminated as water. The oxygen-18 is eliminated as water and carbon dioxide. The difference between the two eliminate rates is therefore a measure of carbon dioxide production. Energy expenditure can be calculated from carbon dioxide production; but this does require an estimate of the respiratory quotient, illustrating that stable isotope techniques cannot totally replace traditional research techniques. The isotope elimination rates are determined from the isotope concentrations in spot urine samples collected shortly after the loading dose and at the end of the metabolic period. The advantage of the method is that the subject is free to engage in his/her normal activities during the period and that the period can be long enough to average much of the day-to-day variation in physical activity.
Prior to the use of the doubly-labeled water method for measurement of energy expenditure, energy requirements were estimated from dietary energy intake during weight maintenance or a factorial calculation of energy expenditure. These estimates formed the basis for establishing energy requirement recommendations. In so doing, large differences in the requirements of adults were frequently observed and much research was directed towards identifying the mechanisms through which many individuals lead healthy, productive lifestyles on apparently small energy intakes [6] . With the advent of the doubly-labeled water technique, direct objective measurement of energy expenditure under free-living conditions became possible. Carefully prepared, self-reported energy intakes using a weighed dietary record were utilized by Livingstone et al. [7] to identify groups of individuals who were classified as small or large eaters. These reported consuming about 1.3 or 1.8 times their calculated basal metabolic rate, and thus indicated unusual energy requirements. Measurement of energy expenditure by doubly-labeled water, however, contradicted this dietary data. The small eaters were found to have energy expenditures that were about 1.8 times their basal metabolic rate and did not differ from that of the large eaters. These data indicated that the self-recorded energy intakes were not accurate and that energy requirements for individuals of similar body size and lifestyle were not as variable as had been previously thought [7] . Similarly, in a study of women living in an agrarian society in the Gambia energy expenditures were twice as great as had been indicated by previous dietary intake data [8] . Results from both of these studies have been instrumental in strengthening the basis for establishing energy requirements and, more importantly, redirecting research efforts. Before the doubly-labeled water data on energy expenditure became available, the dietary energy intake data suggested that human energy requirements were very flexible in the face of changes in energy intake. This suggestion led to a considerable research effort directed towards identifying those mechanisms. The results of doubly-labeled water studies, however, now indicate that the dietary data was biased and that research needs to be redirected.
In a similar vein, the doubly-labeled water has been used in two milestone efforts to refine the energy requirements for infants and children. Prentice et al. [9] demonstrated that previous energy requirements for infants and children were as much as 20% too high. To better understand how these older estimates could have been so high, Lucas et al. [10] measured the energy density of human breastmilk. It was found that the density was 0.6kcal/ml (0.25 MJ/dl), which is substantially less than had been previously estimated on the basis of analysis of expressed breastmilk.
A second area in which stable isotope techniques have advanced nutritional science during the past decade is the carbon-13 breath test. The stable isotope breath test methodology was of special interest of Dr. Peter Klein, who championed much of the early methodology development [11] . The concept of the breath test contrasts that of the doubly-labeled water technique in that the tests are generally semi-quantitative; yet like the doubly-labeled water technique the carbon-13 breath test opens a noninvasive, nonhazardous window into the workings of human metabolism. The breath test is designed to monitor the activity of a specific enzyme or metabolic system in vivo. A substrate is labeled with carbon-13 in a position targeted by the enzyme of interest. Cleavage of the substrate releases the carbon labeled, which is then oxidized to carbon dioxide and excreted in breath, where it can be measured by isotope ratio mass spectrometry. The ideal substrate is designed such that the target bond cleavage is the rate-limiting step in labeled carbon dioxide production and that production rate becomes a measure of the activity of that enzyme or system [11] . An early example of the breath tests used for the study of nutrition was the glycocolate breath test for bacterial overgrowth in the small intestine [12] . More recently, fat breath tests have been compared to investigate the relationship between fatty acid chain length and saturation on oxidation [13] . The breath test concept, like the doubly-labeled water method did not immediately take hold. Like the doubly-labeled water technique the information provided by the test did not at first justify the expense. Two things, however, changed that in the past decade. The first was the development of a breath test that provided vital and virtually unique information to the investigator and the second is technological development. The urea breath test measures gastric infection by helicobactor pylori, the cause of most gastric ulcers, which previously was only possible by a biopsy of the stomach [14] . The ability to monitor the presence of helicobactor pylori with a noninvasisve breath test has made it possible to improve treatment and perform epidemiologic studies in field situations. This development, like the development of the doublylabeled water method, has redirected research in the field. The second factor that is just now beginning to impact carbon-13 breath tests is the development of a lower cost, easier to use, infrared spectrometer for the measurement of carbon-13 in carbon dioxide [15] . The product of over 30 years of development, the optical technique has achieved a level of precision that can detect less than 1 part of excess carbon-13 in 100,000 parts of unlabeled carbon dioxide, which is the sensitivity necessary to compete with isotope ratio mass spectrometry and keep the isotope costs of the breath tests low.
Breath test approaches have also been applied to the study of macronutrient metabolism. Vernon Young has been a leader in the field of stable studies of amino requirements and one of several that have been involved in the development of amino acid oxidation approach to measurement of indispensable amino acid requirements [16, 17] . The concept of this technique was that the body would conserve the labeled amino Uses of stable isotopes in the assessment of nutrient status and metabolism acid when it is supplied at levels below the minimum requirement, but oxidize increasing amounts as the amino acid intake is increased above the minimum requirement. This approach in combination with more invasive constant infusion approaches has been instrumental in understanding amino acid requirements and particularly the changes that occur during trauma and other metabolic stresses [18] . The stable isotope technology for the study of amino acid requirements, however, has not been extensively applied under field conditions in developing countries, which may be a product of the often complex and invasive infusion protocols that have proven so useful in developed countries. To counter this limitation, the International Atomic Energy Agency developed a simplified protocol that eliminated blood sampling and used oral tracer administration [19] . Although the protocol may prove to be somewhat less quantitative than the more complex infusion protocols, the simplified protocol lends itself to use under field conditions and promises to provide insights into amino acid requirements in situations that could never before be studied except with more traditional anthropometric techniques.
Isotopic techniques have been developed for a wide range of nutritional studies that go beyond energy expenditure and macronutrient metabolism. Stable isotope dilution techniques are making it possible to measure nutrient stores such as vitamin A, which previously could not be assessed without the use of invasive liver biopsies [20] . Even questions of molecular and cellular turnover are now being addressed with stable isotope techniques and are providing answers to human questions that are beginning to arise from molecular biological investigations [21] .
Stable isotope techniques, like any technique, are not a panacea for all research problems. There are barriers to their use and limitations to their precision and accuracy. For example, the doubly-labeled water technique requires large amounts of oxygen-18 water. Twice in the past 20 years, world production has failed to keep pace with demand and many investigators were forced to halt doubly-labeled water-based research. Even when it was available, the cost of the oxygen-18 alone for a single adult study exceeded $500 (US). Furthermore, the analysis of the isotope concentrations requires expensive mass spectrometry and analytical expertise that limits the use of the method to those investigators that are working in or collaborating with the limited number of centers across the world that have both. Continued centralized efforts by major research agencies are needed to address these limitations so that more investigators can begin to realize the advantages of stable isotopes in their nutritional research.
